Abstract Atmospheric deposition was investigated using the terrestrial moss species Hypnum cupressiforme (Hedw.) and Homolothecium lutescens (Hedw.) in the Bregalnica River basin, Republic of Macedonia. Long-term emission occurs in this area due to the hydrothermal exploitation of Pb-Zn deposits (Sasa and Zletovo mines) and copper ore exploitation and floatation (Bučim mine). Determination of the chemical elements was conducted using atomic emission spectrometry with inductively coupled plasma (ICP-AES) and mass spectrometry with inductively coupled plasma (ICP-MS). A combination of multivariate techniques (PCA, FA and CA) was applied for data processing and identification of element association with lithogenic/anthropogenic origin. Seven dominant factors were extracted from the total of 69 analysed elements. Spatial distribution maps were constructed for the determination and localisation of smaller areas with higher contents of certain anthropogenic elements. In this way, the influences of selected human activities on local air pollution can be determined. The summarised data show quantification of the element distributions. This not only allows the determination of the distribution of hazardous elements but also presents complete characterisation of element deposition in the environs of mines.
Introduction
Environmental pollution at hazardous levels for living organisms presents a global problem and a challenge for a macrocase monitoring. Some sub-disciplines have been developed over time in order to consider realistic environmental conditions. Arguably, the understanding of atmospheric pollution is one of the most emergent areas of environmental science (Fernández et al., 2015) . Atmospheric pollution represents solutions or suspensions of minute amounts of harmful compounds in the air (Vallero 2014) . The degree and extent of environmental changes over the last decades have given a new urgency and relevance to the detection and understanding of environmental changes due to human activities, which have altered global biogeochemical cycling of heavy metals and other pollutants (Athar and Vohora 1995; Acton 2013) . Monitoring of toxic air pollutant is needed in order to understand their spatial and temporal distribution and ultimately to minimise their harmful effects. In addition, to direct physical and chemical methods of air pollution monitoring, bioindication has also been used to evaluate air pollution risk (Aboal et al. 2010; Ares et al. 2012; Vallero, 2014) .
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Mosses have frequently been used to monitor timeintegrated bulk deposition of metals as a combination of wet, cloud and dry deposition, thus eliminating some of the complications of precipitation analysis caused by the heterogeneity of precipitation (Harmens et al. 2004 (Harmens et al. , 2010 (Harmens et al. , 2015 . Ectohydric mosses in particular draw negligible amounts of water and minerals from the soil, and almost entirely depend on the atmospheric nutrient inputs (Rühiling and Tyler, 1968) . Because mosses have a high cation exchange capacity (CEC), they act as hyper-accumulators of metals and metal complexes. The metals are bound to the tissue with minimal translocation within the plant due to a lack of vascular tissue (Tyler 1990 ). This results in biological tissue that can be analysed to reveal time-integrated deposition (Zechmeister 1995) . Additional advantages of using mosses as heavy metal biomonitors include their stationary nature, widespread geographical distribution and low genetic variability between populations. It has been shown that there is some experimental error due to heterogeneity in morphological characteristics and microenvironments among different populations (Zechmeister et al. 2003) . There is also an incomplete understanding of the degree of mineral uptake by ectohydric mosses in direct contact with substrate (Gjengedal and Steinnes 1990) . Despite the accuracy and precision of precipitation analysis techniques, however, mosses offer an efficient, lowcost complement for determining metal concentrations at a large number of locations and offer analyses of biologically (Bourennane et al, 2010 ) relevant fluxes at multiple scales.
Harmens and his European colleagues have found that mosses are reliable indicators of air pollution risks to ecosystems, because they get most of their nutrients direct from the air and rain, rather than the soil (Harmens et al, 2008) . Since 2000, the European moss survey has been conducted by a special international programme (ICP Vegetation) . Moss data provides better geographical coverage than measured deposition data and reveals more about actual atmospheric pollution at a local level (http://icpvegetation.ceh.ac.uk/). The latest data reported by Harmens et al. (2015) and Barandovski et al. (2015) indicates the significant enrichment of some toxic elements.
Because of the dominance of volcanic geological units and Pb-Zn mineral deposits, the region of the Bregalnica River basin in the Republic of Macedonia has specific characteristics related to the monitor of the atmospheric distribution of various chemical elements (Balabanova et al. 2010 (Balabanova et al. , 2012 (Balabanova et al. , 2015 Barandovski et al. 2008 Barandovski et al. , 2015 Stafilov 2014 ). This region is characterised by several significant pollution sources that emit potentially toxic metals and other chemical elements into the environment: the "Bučim" copper mine and floatation plant near the town of Radoviš and lead and zinc mines "Sasa" near the town of Makedonska Kamenica and "Zletovo" near the town of Probištip (Stafilov 2014) . The excavation of copper minerals is carried out from an open ore pit, while in the lead-zinc mines, the exploitation is underground, and the ore tailings are stored outdoors. The ore produced in the mines is processed in the floatation plants, and in the process of floatation of the relevant minerals, flotation tailings are separated and disposed on a dump site in the open.
The study presents multivariate assessment and spatial analysis of dominant element associations in the Bregalnica River basin and is the first such analysis in this unique lithological area. The appearance of dominant Oligocene volcanism in the area of the Sasa mine (Pb-Zn hydrothermal exploitation), the Kratovo-Zletovo district and the Bučim mine area (Cu-Au hydrothermal exploitation) creates specific environmental conditions leading to natural and anthropogenic poly-metallic enrichment. Therefore, the main objective of this study was to assess the lithologenic and anthropogenic distribution of a total of 69 elements along the Bregalnica River basin. A multivariate statistical approach was used for identification of the dominant geochemical associations. Moss species were used to record the lithological and anthropological impact on the atmospheric deposition of potentially toxic and nontoxic elements. The dominant lithogenic and anthropogenic markers were extracted. The spatial distribution patterns of each geochemical marker were also generated.
Investigated area
The investigated area includes the basin of the river Bregalnica, which is found in the area of the eastern part of the Republic of Macedonia. The area of the Bregalnica River basin covers ∼200 km (W-E) × 200 km (S-N), within the following geographic coordinates N 41°27′ 23 -42°09′ 21 and E 21°53′ 04 -23°02′ 21 (Fig. 1) . The investigated region of the investigated area is geographically composed of several sub-regions. These sub-regions are characterised by their different geology and land use. As a consequence of industrialisation, urbanisation and lack of treatment of wastewaters from the industry, mines and city sewerage, the waters of this important hydrographic region are exposed to a high level of pollution, especially from the aspect of introduction of higher amounts of certain toxic metals. The pollution most frequently reaches particularly high levels at low river flows, as in the case of the river Bregalnica in its course through the Kočani valley (in the central part of the investigated area). The eastern and northern parts of the investigated area are mainly mountainous while the central and western parts are cultivated agricultural land (Fig. 2) .
Precipitation in the areas is mostly related to and conditioned by the Mediterranean cyclones (Lazeravski 1993) . During the summer period, the region is most often found in the centre of the subtropical anticyclone, which causes warm and dry summers. The central area of the region is driest and the average annual precipitation increases in all directions outwards, because of increases either in the influence of the Mediterranean climate or in altitude. About ten climaticvegetation soil areas in the region are distinguished with considerably heterogeneous climate, soil and vegetation characteristics (Lazarevski 1993).
Generalised geology and dominant ore mineralisation of the investigated area SE Europe underwent a complex Alpine tectonic evolution. The Srednogorie zone, Kraishte and the Rhodope Massif in Serbia, Macedonia and Bulgaria were sites of extensive westward/southward younger magmatic activity, starting in Jurassic to Cretaceous times with the closure of the Vardar zone (Barcikowski et al. 2003) . The investigated area that covers the basin of the river Bregalnica lies on the two main tectonic units-the Serbian-Macedonian massive and the Vardar zone (Dumurdzanov et al. 2004 ). The polyphasal Neogene deformations, through the insignificant movements associated with the volcanic activities, had a direct influence on the gradual formation of the reefs and the formation of deposits in the existing basins. From the middle Miocene to the end of the Pleistocene, there were alternating periods of fast and slow landslide accompanied by variable sedimentation (deposition).
The Cenozoic volcanism represents a more recent extension into the Serbian-Macedonian massive and the Vardar zone. The oldest volcanic rocks occur in the areas of Bučim, Damjan, the Borov Dol district and in the zone of Toranica, Sasa, Delčevo and Pehčevo (Dumurdzanov et al. 2004 ). These older volcanic rocks were formed in the mid Miocene from sedimentary rocks that represent the upper age limit of the rocks. The origin of these oldest volcanic rocks is related to the Oligocene-early Miocene period (Dumurdzanov et al, 2005) . As volcanic rocks, they are categorised as follows: andesite, latite, quartz-latite and dacite. Volcanism appears sequentially and in several phases forming sub-volcanic areas. On the other hand, the pyroclastites are most frequently found in the Kratovo-Zletovo volcanic area, where dacites and andesites are the oldest formations. The generalised geology of the area is reproduced in Fig. 3 , based on the data provided by Fig. 1 The investigated area on the territory of the Republic of Macedonia Rakićević et al. (1968) . The most important Macedonian metal deposits are related to regional magmatic activity that occurred in the southern parts of the Carpato-Balkanides during the Eocene-Pliocene (Serafimovski et al. 2006a (Serafimovski et al. , b, 2007 . The Zletovo Mine is located near the town of Probištip. As reported by Serafimovski et al. (2006a) , the mineralisation of this deposit is related to Tertiary calc-alkaline magmatic rocks (dacites and andesites) and it is found in a dacitic volcanosedimentary suite that has been altered to clays and micas. The Sasa mine is situated near the city of Makedonska Kamenica. The mineralisation is located along the contact between Miocene calc-alkaline igneous bodies (latites and dacites) and graphite-chlorite-sericite shists, gneisses and limestones (Cassard et al. 2012) . The ore consists of pyrite, galena and sphalerite with additional magnetite and chalcopyrite, while the mass fraction of Pb and Zn is around 10 % with additional contents of Ag, As, Cd, Mn and Sb. The ore is concentrated at the mine by floatation and tailings are stored in a dam in a valley just below the mine. The Kaminicka River is culverted beneath the tailings dam and flows 12 km until it meets in the Kalimanci Lake (an artificial reservoir on the Bregalnica River). The Bučim mine is situated near the town of Radoviš. The copper-porphyry type of mineralisation occurs in this deposit (Serafimovski et al. 2010; Lehmann et al. 2013) . The ore concentrate is characterised by an average content of 0.3 % Cu and 0.3 g/t Au (Alderton et al. 2005 ).
Drainage waters from milling and flotation are discharged into the Lakavica River.
Materials and methods

Moss sampling
The carpet-forming moss species Pleurozium schreberi and Hylocomium splendens are usually preferred for moss trace element deposition monitoring (Fernández et al. 2015) . However, these species are commonly found only in some parts of the country at an elevation above 1000 m (Cekova, 2005) and the altitude of the investigated area varies between 290 and 1932 m. Therefore, the samples of the pleurocarpous moss species Homalotecium lutescens and Hypnum cupressiforme were also collected in the investigated area in the period of August-September 2012. Researchers setting up a large-scale survey often face the problem that the location of the predicted sampling spot becomes subordinate to the presence/absence of the selected species (Fernández et al. 2015) . This problem can be overcome by using more than one moss species within the same survey; however, it is clear that the concentrations of elements may vary considerably between species, thus precluding comparison of the results obtained (Boquete et al. 2013) . Carballeira et al. (2008) Fig. 2 The region of the investigated area including the type of land use suggested that when the regression line slope and elevation do not differ significantly from the line of slope 1 (in covariance analysis), the species could be combined. Considering this, four species were used to conduct the monitoring deposition analysis on a local scale.
Depending on the conditions and the accessibility of the locations, species available and typical for the region were collected. Random samples (in the very close vicinity of the pollution source) and 149 samples according to a sampling network (5 × 5 km) were taken, as presented in Fig. 4 . A detailed description of the samples (according to officially accepted techniques) is given by Fernández et al. (2015) .
Sample preparation and spectroscopy analysis
For the digestion of moss samples, a microwave digestion system (CEM, model Mars) was applied. Precisely weighed masses (0.5000 g) of moss samples were placed in Teflon vessels and 5 mL concentrated HNO 3 (trace pure) and 2 mL H 2 O 2 (30 %, m/v) were added. The Teflon vessels were carefully closed and the microwave digestion method was applied. The digestion method was performed in two steps to totally dissolve the moss tissue as previously described by Balabanova et al. (2010) and . When the digestion method was finished, the digests were quantitatively transferred into 25-mL volumetric flaks. The prepared digests from moss tissue were then analysed for their total element contents.
A SCIEX Perkin Elmer Elan DRC II (Canada) inductively coupled plasma mass spectrometer (with quadrupole as single detector) was used for measurement of the trace element concentrations. All measurements were performed using the semiquantitative method (Total Quant) supplied by the Elan 3.4 software. This method uses a response factor calibration curve which was obtained by calibration in multiple points of low, medium and high concentration, in the optimum setup, using a multielement Merck VI standard solution diluted to mimic real sample consumption. An atomic emission spectrometer with inductively coupled plasma, ICP-AES (model 715ES, Varian, USA), was used to measure the concentration of Fig. 3 Generalised geology of the investigated area several macro-elements (Al, Ca, Fe, K, Mg, Na and P). For each analysed element, prior optimisation of the instrumental conditions was performed. The instrumental and operating conditions for each of the above-mentioned techniques are given in Table 1 .
Both certified reference materials M2 and M3 (Steinnes et al. 1997 ) and spiked intra-laboratory samples were analysed at a combined frequency of 20 % of the samples. The recovery for all of the analysed elements ranged from 76.8 % for Tl to 119 % for Sb (for ICP-MS measurements) and from 87.5 % for Na to 112 % for P (for ICP-AES measurements).
Data analysis
The obtained values for the contents of the investigated elements were statistically processed using basic descriptive statistics. Bivariate statistics were applied to investigate correlation between element contents. For that purpose, the linear coefficient of correlation was used. Two-dimensional scatter plots were used to visualise relations between two data sets. Individual data points were represented by point markers in two-dimensional space, where axes represent the variables. Multivariate statistical methods (cluster and R-mode factor analyses) were used to reveal the associations between the chemical elements. Factor analysis was performed on variables standardised to zero mean and unit standard deviation (Filzmoser et al. 2005; Žibret and Šajn 2010) . As a measure of similarity between variables, the product-moment correlation coefficient (r) was applied. Various rotational strategies have been proposed (Reimann et al. 2002; Žibret and Šajn 2010) , the goal of all of them being to obtain a clear pattern of loadings, so that factors are somehow clearly marked by high loadings for some variables and low loadings for others. Elements with low communalities were excluded because of their lack of significant associations. In this study, the varimax method was used for orthogonal rotation. The aim was to find a rotation that maximises the variance on the new axes, put another way, to obtain a pattern of loadings on each factor that is as diverse as possible, lending itself to easier interpretation. The statistical softer Statistica 11.0 was used for data processing of the values obtained for element contents.
The universal method kriging with linear variogram interpolation (Davis 1986) was applied for construction of the areal distribution maps of the 31 particular elements and the factor scores (F1-F7) in topsoil (0-5 cm) and subsoil (20-30 cm). The basic grid cell size for interpolation was 20 × 20 m. For 
Results and discussion
Characterisation of moss accumulation of the selected elements
The element content distribution was assessed in the investigated area and characterised using values obtained from basic descriptive statistics (Table 2) . The values for the element contents were also characterised for the dominant geological units in the investigated area (Table 3 ). The distribution of the macro-elements Al, Ca, Fe, K, Mg and P was in the range typical for this kind of sample. High matrix contents originating from plant tissues can sometimes increase the values compared with the atmospheric distribution of these elements. The determined median values for Al, Ca, Fe, K, Mg and P were 0.27, 0.94, 0.26, 0.22, 0.17 and 0.14 %, respectively (Table 2 ). These data were not significantly different to those published by Barandovski et al. (2015) and Harmens et al. (2015) for the whole Macedonia and for Europe. The distribution of the rest of the elements varied due to certain natural phenomena (geology of the area, winds, rain, anthropogenic activities, etc.). Silver content was determined in the range of 0.005-1.1 mg kg
, with a median of 0.038 mg kg −1 (Table 2) .
Native silver is sometimes associated with sulphide ores as a result of their chemical reduction. In areas containing copper sulphides, where hydrothermal exploitation occurs in the area of Proterosoic shales, the obtained median value for Ag was 0.051 mg kg −1
. The dominant geological unit with the highest median value for Ag moss samples was Quaternary terraces (Table 3) . Cu was distributed very similarly to Ag also being enriched in the Quaternary terraces (median value 6.7 mg kg −1 , Table 3 ). These metals, collectively known as , 75As, 27Al, 197Au, 11B, 137Ba, 9Be, 209Bi, 79Br, 114Cd, 140Ce, 59Co, 53Cr, 133Cs, 63Cu, 163Dy, 166Er, 153Eu, 56/57Fe, 69Ga, 157Gd, 72Ge, 178Hf, 201/202Hg, 165Ho, 127I, 115In, 193Ir, 139La, 7Li, 175Lu, 55Mn, 95Mo, 93Nb, 146Nd, 60Ni, 189Os, 206/207/208Pb, 105Pd, 141Pr, 195Pt, 85Rb, 185Re, 103Rh, 101Ru, 121Sb, 45Sc, 77Se, 147Sm, 120Sn, 88Sr, 181Ta, 159Tb, 125Te, 47Ti, 232Th, 205Tl, 169Tm Q Quaternary, Ng Neogene, Pg Paleogene, R Rifey, Pt Proterosoic, Pz Paleozoic the "coinage metals", have very similar geochemistry associated with their organometallic chemistry (Greenwood and Earnshaw 2005) . For As, Sb and Bi, no significant enrichments were detected for their atmospheric deposition in moss. None of these three elements participate significantly in the composition of the Earth's crust, although several minerals contain them as major constituents. The median value for arsenic content (0.47 mg kg −1 ) was lower than the median value obtained for whole of Macedonia reported by Harmens et al. (2015) . However, arsenic was significantly enriched compared with other European countries, such as Norway (0.13 mg kg Barandovski et al. (2015) showed that Sb enrichments are of (Table 2) . Lithium, caesium and rubidium can also be incorporated into this group. These elements showed very low variation in their deposition according to the different geological units. These alkaline metals show very good stability, indicating their lithogenic distribution. The investigated area was characterised by median values for Li, Cs and Rb of 2.6, 0.27 and 5.4 mg kg −1 , respectively (Table 2) . Gallium and thallium are usually correlated with the occurrence of vulcanites; this was also demonstrated in the present investigation. Deposition of these elements occurred dominantly in areas of Neogene pyroclastites and vulcanite (Kratovo-Zletovo district). Characterisation of the study area according to dominant geological units, extracted Tl, was found at 61 mg kg −1 in areas of Neogene pyroclastites.
River terraces were also enriched in Ga and Tl (1.3 mg kg , respectively).
The halogens bromine and iodine were deposited with median values of 1.1 mg kg −1 and 91 μg kg −1 , respectively.
These elements show very high reactivity in the environment, and usually, their deposition is correlated with their geochemical occurrence as potassium and sodium salts. There are usually enriched in river terraces, as in the present case. However, no significant variation occurred among the dominant geological units. Chromium and nickel showed very similar distribution and were found in the range of 0.85 to 32 and 1.6-45 mg kg −1 , respectively (Table 2) . Their distribution is dominant in Quaternary terraces, probably due to the accumulation of soil dust from soil formed in Paleogene flysch (Table 3) .
The distribution of the LREEs (La-Ce-Pr-Nd-Sm-Gd) was predominantly in Quaternary terraces and the Paleogene flysch. Anthropogenic activities surrounding Pb-Zn and Cu mineral deposits significantly influenced the lithological distribution of this geochemical association of elements. On the other hand, the long-term deposition of the HREEs (Eu-TbDy-Ho-Er-Tm-Yb-Lu) presented a distribution typical of the geochemical markers of the Bregalnica River basin area (Balabanova et al. 2015) .
The latest results reported from the UNECE ICP Vegetation-Heavy Metals in European Mosses (Barandovski et al. , 2012 (Barandovski et al. , 2013 (Barandovski et al. , 2015 Harmens et al. 2015) indicate the areas with the highest health risks due to higher values of Cd, Pb and Zn. Such areas have been identified in the eastern Macedonia, due to the operation conducted in mines for hydrothermal exploitation of Pb-Zn (at the Sasa mine and Zletovo mines). Lead and zinc are specifically distributed around Kamenička and Zletovska River, areas with dominant Neogene and Paleogene volcanism. The intensive deposition of these Fig. 5 Dendogram for dominant clusters elements was revealed in the present study by maximum content in moss of 1400 mg kg −1 for Pb and 240 mg kg −1 for Zn (Table 2) . Cadmium content varied in the range 0.032-2.2 mg kg −1 . Compared with the whole territory of the Republic of Macedonia (median 0.22 mg kg −1 ), cadmium showed reduced distribution in the study area (Barandovski et al. 2013; Harmens et al. 2015) .
Extraction of dominant geochemical associations
The multivariate statistical method "hunting" was applied to interpret the numerous element distributions and identifying the dominant geochemical associations. The extraction was simplified to a seven-factor association, marked as follows:
with a factor loading of 30.3 %; F2: Ba-BiCd-Pb-Sb-Zn (factor loadings of 11.7 %); F3: As-Cs-RbTl (factor loading of 10.2 %); F4: Ca-Sr-B (factor loading of 9.8 %); F5: Hf-Zr (factor loading of 8.3 %); F6: Cr-Cu-Ni (factor loading of 8.0 %); and F7: Br-I (factor loading of 5.7 %), with a total variability for the dominant loadings of 84 %. Table 4 summarises the factor loadings for dominant element associations. Cluster analysis was also applied, in order to determine the functional dependence of the internal associations (Fig. 5 ).
Factor 1: [Al-Be-Co-Fe-Ga-Ge-Li-Mg-Sc-Ti-V-Y-(La-Gd)-(Eu-Lu)] can possibly be the presence of elements associated with mineral particles, mainly windblown dust, and contributes 30 % of the variance. The highest values of the factor loading were obtained for the rare earth elements (0.95 and 0.90). The distribution of these elements represents a specific lithological phenomenon, due to the strong dominance of rare earth elements (Balabanova et al. 2015) . As a dominant lithogenic marker for atmospheric distribution for the whole territory of Macedonia, the following association was identified: Al-As-Ba-Ce-Co-Cs-Dy-Fe-Hf-La-LiMg-Na-Nd-Sc-Sm-Ta-Tb-Th-Ti-U-V-W-Yb-Zr (Barandovski et al. 2015) . The content of these elements in mosses is significantly influenced by secondary sourcesmineral particles released into the atmosphere by wind erosion of local sources or particles attached to the moss in the periods when the soil surface is covered by water. Factor loading values were graphically represented according to the geological units (Fig. 6) . The highest contents of the aforementioned group of elements were found in moss samples that were collected on Precambrian and Paleozoic schists, or close to them (Fig. 7) . As a result of the actions of natural conditions, weathering of shales occurs very fast and consequently releases these elements into the environment.
Factor 2 (Ba-Bi-Cd-Pb-Sb-Zn) is probably associated with long-range transport of air pollution and contributes 11.7 % of the variance. The highest loading values were obtained for Cd (0.88), Zn (0.82) and Pb (0.81). The elements Cd, Pb, Zn and Sb were also identified as anthropogenic markers for the whole territory of Macedonia (Barandovski et al. 2015) . The atmospheric deposition of these elements was intensified in the areas of Neogene pyroclastite and Proterozoic and Paleozoic schists (Figs. 8 and 9 ). There are two dominant sub-areas that mostly affect the anthropogenic enrichment of these elements. The first is an area with dominant occurrence of Neogene pyroclastites and vulcanites, where hydrothermal exploitation of Pb-Zn is in operation (Zletovo mine). The second is an area of very old volcanic minerals (Paleogene volcanic sedimentary rocks and Paleogene flysch) where hydrothermal exploitation of the Pb-Zn is also in operation (Sasa mine). This area of very old volcanic rocks continues in the NW direction with another area of Pb-Zn mineral exploitation (Toranica mine). These mentioned sub-areas are predominantly affected by the dispersion of particles from flotation tailing dam sites near the Zletovo and Sasa mines. It should be noted that dust particles are significantly enriched in Pb and Zn. Soil surface windblown dust also affects Pb-Zn enrichment due to the significant soil contamination that occurs in these areas (Stafilov 2014) . A similar anomaly was recorded in northern France, exhibiting a similar pattern for the environmental distribution of Pb vs. Zn (Buorennane et al. 2010 ). This anomaly was extended to the Cd enrichment due to the presence of the urbanised areas (Buorennane et al. 2010 ). The present data point to pollution as source for this enrichment (Zletovo and Sasa mines). Lead and zinc distribution patterns were separately given, suggesting industrial pollution (Fig. 8a) . The affected areas with significantly enriched Pb/Zn deposition were predominantly detected in the areas of Neogene and Paleogene volcanism. The geochemistry of the igneous rock is known to correlate with extended poly-metallic enrichments Fig. 8 Areal distribution of factor 2: Ba-Bi-Cd-Pb-Sb-Zn. a Areal distribution of lead (left) and zinc (right) and average content distribution according to dominant lithological units (Ng Neogene; Pg Paleogene; R Rifey; Pt Proterosoic; Pz Paleozoic) Fig. 9 Areal distribution of factor 3: As-Cs-Rb-Tl Fig. 10 Areal distribution of factor 4: Ca-Sr-B Fig. 11 Areal distribution of factor 5: Hf-Zr Fig. 12 Areal distribution of factor 6: Cr-Cu-Ni (Keller et al. 2015) . Furthermore, this association can be used as a very intensive probabilistic model of anthropogenic polymetallic enrichments.
Factor 3 (As-Cs-Rb-Tl) indicates a characteristic deposition of these elements linked to old volcanism in the test area (Fig. 6) . The spatial distribution of these elements follows the area distribution of factor 2. This geogenic marker probably occurs as secondary poly-metallic enrichments in areas where vulcanite dominates (Fig. 9) . Predominantly, this occurrence marked areas with Neogene vulcanites vs. Paleogene vulcanites. The specific distribution of As, Cs, Rb and Tl was extended in the SE direction into the vicinity of Berovo town. There are existing data that suggest a poly-metallic enrichment in this area (Arsovski 1997) . This association can be used for the identification of anthropogenic hydrothermal mineral exploitation, due to the area distribution patterns (Fig. 9) . Higher values for these elements were obtained in the Sasa Pb-Zn mine area, the environs of the Zletovo Pb-Zn mine and in the Bučim copper mine area.
Factor 4 (Ca-Sr-B) was extracted with a total variability of 9.8 %. The distribution of Ca and Sr appears in the rocks of the Earth's crust, mainly as insoluble carbonates, sulphates and silicates (Greenwood and Earnshaw 2005) . Their total representation depends on the geochemical model they used, particularly the relative weights given to different types of volcanic and sedimentary rocks. According to their distribution in different geological units, this association dominates in Paleogene flysch (Fig. 6 ). These old sedimentary rocks are natural repositories for these elements. This factor was dominant along the whole course of the Bregalnica River which was the determined dominance of this factor, with emphasis on the area of the Bregalnica River, especially where it flows into the Vardar River (intensive occurrence of Paleogene flysch, Fig. 10 ). This lithogenic marker can be used for identification of natural enrichments due to wind dusting in areas of very old sedimentary rock in river basins.
Factor 5 (Hf-Zr) presents a natural phenomenon in the investigated area, due to the specific geochemistry of these elements in the environment (Fig. 11) . Their very similar chemical background causes them to be correlated, and both Zr and Hf behaviour is similar to the HREEs (Prudêncio 2006) . No significant variation occurred according to the dominant lithological units, but some intensive deposition can be singled out in an area of Neogene volcanism. This area was characterised by polymetallic enrichments (with special emphasis on Pb, Zn, Sb and Cd). Lower enrichments of Hf and Zr in this kind of area have also been identified in Portugal, in correlation with significant Zn enrichments (Prudêncio 2006) . Barandovski et al. (2015) reported a decreasing trend in Hf-Zr distribution from 2005 to 2010 in the whole territory of the Republic of Macedonia. The data obtained in this work compared to values from the 2010 investigation (Barandovski et al. 2015) show lower medians. Despite the decreasing trend in Hf-Zr deposition, this geogenic association can still be correlated with some poly-metallic anomalies.
Factor 6 (Cr-Cu-Ni) associates elements primarily affected by natural factors such as the lithological background. Balabanova et al. 2010 Balabanova et al. , 2011 Balabanova et al. , 2012 , Kosovo (Šajn et al. 2013 ) and Bosnia and Herzegovina (Alijagić and Šajn 2011) and in other Balkan countries (Salminen et al. 2005) . These elements can also be connected to air pollution. Most emissions of these elements to the environment originate from local sources, mainly from mines. The Bučim copper mine contributes to anthropogenic copper emissions, in the south-east part of the study area. However, significant enrichment of this geochemical association occurs in the area of Paleogene flysch, overlapping with part of the Vardar River basin. Barandovski et al. (2015) identified a strong anomaly in Cr-Co-Ni distribution along the Vardar River basin. This anomaly affects a part of the Bregalnica River basin and was also demonstrated in the present study (Fig. 12) .
Factor 7 (Br-I) associates elements that are primarily affected by marine influence (Frontasyeva and Steinnes 2004) . The coastline of the Aegean Sea is less than 60 km from the southern state border. Barandovski et al. (2015) reported the influence of the wind blowing along the Vardar River valley from northern parts of Africa across the Mediterranean and the Aegean Sea. High contents of halogens in mosses and their exponential decrease with the distance from the coastline are also observed in Norway (Frontasyeva and Steinnes 2004) . Elevated values of these elements were found in the mosses collected in an area connected with the presence of Neogenic sediments along the river Begalnica (Fig. 13) . Lower enrichments of these elements were also found in an area of Rifeous schist.
Conclusion
This paper focuses on the mapping of the lithogenic and anthropogenic atmospheric distribution of 69 elements in the Bregalnica River basin, Republic of Macedonia. Specific poly-metallic enrichments occur in the areas of very old Neogene volcanism and Paleogene volcanism. Strong relationships occur between these dominant lithological units and the hydrothermal exploitation in the area of the Sasa Pb-Zn mine, the Zletovo Pb-Zn mine and the Bučim copper mine. The multivariate approach and spatial distribution method hunting identified seven dominant clusters for the atmospheric distribution of the 69 analysed elements: F1: AlBe-Co-Fe-Ga-Ge-Li-Mg-Sc-Ti-V-Y-(La-Gd)-(Eu-Lu); F2: Ba-Bi-Cd-Pb-Sb-Zn; F3: As-Cs-Rb-Tl; F 4: Ca-Sr-B; and F5: Hf-Zr; F6: Cr-Cu-Ni; F7: Br-I. Intensive effects were determined for the factor 1 distribution that is strongly correlated with the dominant lithologic unit for the whole territory of the Republic of Macedonia (extracted as the dominant lithogenic marker). The second geochemical association (including CdPb-Zn-Sb) was defined as a dominant anthropogenic marker for the atmospheric element distributions. Significantly polluted sub-areas were determined, affected by significant enrichments in the atmospheric depositions of Pb and Zn and lower enrichments of Cd and Sb. The Zletovo and Sasa mine areas were singled out as poly-metallic enriched areas not only from the anthropogenic emission but also from the influence of windblown dusting on the soil surface. Accordingly, the resulting distribution maps were used to support the assessment of anthropogenic inputs and enrichments with high certainty.
